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Abstract Some novel actinobacteria from geothermal

environments were shown to grow autotrophically with

sulfur as an energy source. These bacteria have not been

formally named and are referred to here as ‘‘Acidithio-

microbium’’ species, as the first of the acidophilic actino-

bacteria observed to grow on sulfur. They are related to

Acidimicrobium ferrooxidans with which they share a

capacity for ferrous iron oxidation. Ribulose bisphosphate

carboxylase/oxygenase (RuBisCO) is active in CO2 fixa-

tion by Acidimicrobium ferrooxidans, which appears to

have acquired its RuBisCO-encoding genes from the pro-

teobacterium Acidithiobacillus ferrooxidans or its ancestor.

This lateral transfer of RuBisCO genes between a proteo-

bacterium and an actinobacterium would add to those noted

previously among proteobacteria, between proteobacteria

and cyanobacteria and between proteobacteria and plastids.

‘‘Acidithiomicrobium’’ has RuBisCO-encoding genes

which are most closely related to those of Acidimicrobium

ferrooxidans and Acidithiobacillus ferrooxidans, and has

additional RuBisCO genes of a different lineage. 16S

rRNA gene sequences from ‘‘Acidithiomicrobium’’ species

dominated clone banks of the genes extracted from mixed

cultures of moderate thermophiles growing on copper

sulfide and polymetallic sulfide ores in ore leaching

columns.

Keywords Acidophiles � Actinobacteria � Autotrophy �
Sulfur oxidation

Introduction

Extreme environments continue to be a source of previ-

ously unrecognized bacteria. Those utilizing inorganic

compounds as energy sources can directly influence the

geochemistry of their environments. A large number of

uncultured bacteria of the class Actinobacteria have been

indicated as potential members of the Acidimicrobidae sub-

class through analysis of their 16S rRNA genes. This sub-

class (Stackebrandt et al. 1997) was created for a ferrous

iron-oxidizing acidophile, Acidimicrobium ferrooxidans

(Clark and Norris 1996). Alignment-independent analysis

of 16S rRNA gene sequences confirmed the placement of

Am. ferrooxidans in a phylogenetically deep-branching

sub-group of the Actinobacteria (Rudi et al. 2006). Am.

ferrooxidans has been noted as phylogenetically the closest

relative of Iamia majanohamensis, which was isolated

from sea cucumber and assigned to the Acidimicrobidae

(Kurahashi et al. 2009), and of Ilumatobacter fluminis,

which was isolated from an estuary sediment (Matsumoto

et al. 2009). The higher taxa of these species, which are

apparently related to Am. ferrooxidans but which are nei-

ther acidophilic nor chemolithotrophic, should be reviewed

when future isolations allow further phylogenetic analysis,
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as suggested by Matsumoto et al. (2009). Two species of

the Acidimicrobidae that are more closely related phylo-

genetically and physiologically to Am. ferrooxidans have

been described: Ferrimicrobium acidiphilum and Ferri-

thrix thermotolerans (Johnson et al. 2009). These acido-

philic, ferrous iron oxidizers have lower mol% G?C

contents (50–55 mol%) than Am. ferrooxidans (68 mol%

G?C). They lack the capacity of Am. ferrooxidans for

autotrophic growth. Autotrophy through operation of the

Calvin cycle has only exceptionally been reported for

actinobacteria, e.g. in hydrogen-oxidizing Nocardia opaca

(now Rhodococcus opacus) where ribulose bisphosphate

carboxylase/oxygenase (RuBisCO) is encoded on a mega-

plasmid (Ecker et al. 1986; Kalkus et al. 1990).

Here, new isolates related to Am. ferrooxidans are dis-

cussed in relation to their mostly uncultured relatives and

to autotrophy within these actinobacteria. The oxidation of

sulfur by one of the new isolates is also described, a feature

with relevance to their biogeochemical activity and to their

potential for application in ore biomining.

Methods

Strain isolation and growth

Two enrichment cultures were maintained with 1% (w/v)

pyrite as substrate and occasional serial culturing at 47�C.

One of these mixed cultures was established in 2006 at

58�C with a sample of elemental-sulfur-rich, acidic soil

(50–60�C) from the surface (0–2 cm depth) of a geother-

mal site at Palaeochori Bay of the island of Milos in the

Aegean Sea. The second culture was established at 48�C

with samples from several sources, which included natural

geothermal environments and mineral sulfide and coal

mines (Cleaver et al. 2007). This enrichment culture was

used previously in studies of metal extraction from mineral

sulfides (Dew et al. 1999; Cleaver et al. 2007). Phytagel

plates supplemented with ferrous iron and tetrathionate

(Clark and Norris 1996) were incubated at 47�C for iso-

lation of single colonies of ‘‘Acidithiomicrobium’’ strain P1

from the Milos enrichment culture and ‘‘Acidithiomicro-

bium’’ strain P2 from the second culture (Davis-Belmar and

Norris 2009). ‘‘Acidithiomicrobium’’ strain P2 was referred

to as ‘‘Acidimicrobium’’ sp. 2 (Cleaver et al. 2007) before

its isolation into pure culture.

Cultures (500 ml) of Acidithiobacillus caldus (DSM

8584) and ‘‘Acidithiomicrobium’’ strain P2 were grown in

shaken flasks with elemental sulfur as substrate (5 g l-1)

in a medium (Norris et al. 1996) initially at pH 3. Sulfur

particles were settled out of culture samples before cells

remaining in suspension were measured as total particle

volume by orifice electrical flow impedance using a

CellFacts Particle Size Analyser (CellFacts Instruments,

Coventry, UK). Sulfate was determined by atomic

absorption spectrophotometry of residual barium in solu-

tion after culture supernatants were treated with barium

chloride to precipitate sulfate, with reference to calibra-

tion curves obtained from precipitation of sulfate

standards.

Ore leaching columns

These were operated essentially as described previously

(Davis-Belmar et al. 2007), except for the temperature

which was maintained at 47–48�C. Feed solution contained

(NH4)2SO4 (20 mg l-1), MgSO4�7H2O (40 mg l-1) and

K2HPO4 (10 mg l-1) and was applied at 150 ml day-1

(equivalent to a surface application rate of 4 l m-2 h-1).

Ore (0.7 kg per column) from the Escondida mine in Chile

was leached on three occasions: in 2003 when ore frag-

ments in the size range 0.15–0.6 g with a mean weight of

0.3 g were used (2003a in Table 2); in 2003 when ore

fragments in the size range 0.9–2.4 g with a mean weight

of 1.53 g were used (2003b in Table 2); in 2006 when

fragments with a mean weight of 1.46 g were used

(Table 2). The ore contained 0.65% (w/v) copper, 2.82%

(w/v) iron and 2.18% (w/v) sulfur. Almost half of the

copper was in chalcopyrite, with the remainder mostly in

chalcocite, covellite and bornite. Polymetallic ore (0.7 kg)

from the Talvivaara mine in Finland was leached in 2008

(Table 2): ore fragments with a mean weight of 1.01 g

contained 0.31% (w/v) nickel and 0.58% (w/v) zinc, found

mainly in pentlandite and sphalerite, respectively. All ore

columns were inoculated with a pyrite enrichment (see

above) that was established with samples from several

geothermal sources (Cleaver et al. 2007).

DNA analyses

DNA was extracted from three sources: a sample of the

geothermal soil sample which was used to establish the

Milos pyrite enrichment culture (see above); from this

58�C Milos pyrite enrichment culture; and from ore frag-

ments (30 g samples) taken from ore leaching columns.

The extraction procedure (lysozyme, freeze–thaw cycles,

phenol, and phenol–chloroform treatments) and construc-

tion of 16S rRNA gene clone banks were described pre-

viously (Burton and Norris 2000). RFLP patterns of cloned

sequences were obtained with RsaI and SauIIIA or HaeII

digests and representatives of different RFLP groups were

sequenced.

The cbbL gene sequences of ‘‘Acidithiomicrobium’’

strain P2 were obtained from its draft genome (unpublished

data).
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Phylogenetic analyses used PHYLIP programmes Dna-

dist and Protdist with F84 and JTT substitution models,

respectively, and the Fitch distance matrix programme

(Felsenstein 2009).

mol% G?C contents of DNA from sulfur-grown cells

were estimated from melting temperature analyses as

described previously (Norris et al. 1996).

Nucleotide sequence accession numbers

The 16S rRNA gene sequences determined in this study

and included in phylogenetic trees have been submitted

to the GenBank database under accession numbers

GQ225720 (‘‘Acidithiomicrobium’’ strain P1), GQ225721

(‘‘Acidithiomicrobium’’ strain P2), HM057165 (clone

CD34) and HM057166 (clone CD42). The cbbL gene

sequences of ‘‘Acidithiomicrobium’’ strain P2 have been

submitted with accession numbers GQ225725 (cbbL-1) and

GU166292 (CbbL-2).

Results and discussion

Source, isolation and phylogeny of novel strains

DNA was extracted from the surface (0–2 cm depth) of a

sulfur-rich, acidic, geothermal soil of the island of Milos.

The soil sample was at pH 2 and between 55 and 60�C. 16S

rRNA gene sequences were cloned from the DNA

(Table 1). Three sequences which represented putative

actinobacteria were compared with related sequences,

many of which have been attributed to uncultured Acidi-

microbidae (Fig. 1). Two of the three sequences (clones

CD34 and CD42) were relatively distantly related to that of

Acidimicrobium ferrooxidans and the other species of the

Acidimicrobiaceae that oxidize ferrous iron (Fig. 1). The

relative positions of clones CD34 and CD42 varied with

different analysis methods, each time with very low boot-

strap values, but they were always placed among sequences

which included examples from bacteria of soil and an

Table 1 16S rRNA gene clone banks derived from DNA extracted from an acidic geothermal soil sample from Milos and from a 58�C pyrite

enrichment culture established with the soil sample

Clone % of clonesa Top BLAST search results GenBank no. % identity Proposed species or taxonomic group

Bacterial sequences: geothermal soil sample

CD29 39 Acidithiobacillus caldus DQ470072 99.9 Acidithiobacillus caldus

CD74 28 Uncultured bacterium clone EU419131 99.4 Acidimicrobiaceae

‘‘Acidithiomicrobium’’ strain P1‘‘Acidithiomicrobium’’ strain P1 GQ225720 100

CD66 15 Uncultured ‘‘Acidithiobacillus’’ strain V1 AF339743 95.9 Acidithiobacillus sp.

CD42 8 Acidimicrobiaceae bacterium IC-180 AB517669 99.9 Acidimicrobiaceae

CD34 7 Uncultured bacterium clone EU419189 99.4 Acidimicrobiales

CD33 2 Uncultured bacterium clone EU419182 97.0 Verrucomicrobia (‘‘Methylacidiphilales’’)

CD49 1 Uncultured bacterium clone EU419148 99.4 Sulfobacillus sp.

Archaeal sequences: geothermal soil sample

CD32 61 Clone ant h4 DQ303256 96.8 Acidiplasma or Ferroplasma sp.

CD11 32 Acidianus brierleyi X90477 99.5 Acidianus brierleyi or

Acidianus tengchongensis AF226987 99.5 Acidianus tengchongensis

CD24 3 Uncultured thermal soil archaeon AF391990 99.6 Crenarchaeota

CD48 3 Sulfolobus metallicus X90479 99.6 Sulfolobus metallicus

CD27 1 Uncultured archaeon AF523936 97.9 Thermoplasmatales

Bacterial sequences: pyrite enrichment

:CD74 90 Uncultured bacterium clone EU419133 99.4 Acidimicrobiaceae

‘‘Acidithiomicrobium’’ strain P1‘‘Acidithiomicrobium’’ strain P1 GQ225720 100

CD61 8 Sulfobacillus acidophilus AY007665 91.4 Sulfobacillus sp.

:CD42 2 Acidimicrobiaceae bacterium IC-180 AB517669 99.9 Acidimicrobiaceae

Archaeal sequences: pyrite enrichment

:CD11 100 Acidianus brierleyi X90477 99.5 Acidianus brierleyi

Acidianus tengchongensis AF226987 99.5 Acidianus tengchongensis

‘‘Acidithiomicrobium’’ strain P1 was isolated from the source sample of clone CD74
a Bacterial clone banks comprised 99 soil sample clones or 58 enrichment culture clones. Archaeal clone banks comprised 78 soil sample clones

or 50 enrichment culture clones
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aquifer which were much less acidic than the environments

associated with the proven ferrous iron-oxidizing actino-

bacteria. Similarly, the Iamia and Ilumatobacter species

which are represented in this region of the tree are from

marine environments and are not acidophiles (Kurahashi

et al. 2009; Matsumoto et al. 2009). However, an organism

with a 16S rRNA gene sequence corresponding to that of

clone CD42 was isolated from the same soil that provided

this cloned sequence. This bacterium was acidophilic with

optimum growth at about pH 2.5 and 45–50�C with various

organic substrates, including glucose and xylose (Norris,

unpublished data). It also appeared to have some limited

capacity for oxidation of elemental sulfur during

heterotrophic growth. An almost identical 16S rRNA gene

sequence to that of CD42 (Table 1; Fig. 1) belongs to a

novel, iron-reducing, thermoacidophilic actinobacterium

from a solfatara field in Japan (Itoh et al. unpublished:

GenBank AB517669).

16 rRNA gene sequences that are related more closely

than CD34 and CD42 to that of Acidimicrobium ferroox-

idans are found in several sub-groups or clusters (Fig. 1).

Seven of these clusters (arbitrarily assigned numbers 1–7,

Fig. 1) were similarly grouped with DNA distance, par-

simony and maximum likelihood phylogenetic analyses

(data not shown). The four, proven, ferrous iron-oxidizing

genera are represented in four of these seven clusters

Fig. 1 Evolutionary distance

tree of 16S rRNA gene

sequences (1,284 aligned

nucleotides) from Rubrobacter
xylanophilus (the out-group),

selected actinobacteria (bold
type) and related sequences

from uncultured

‘‘Acidimicrobidae’’. Ferrous

iron-oxidizing species are

underlined. The scale bar
indicates 0.1 substitutions per

site. Bootstrap values of 60 or

greater from 100 replicates are

shown (YNP Yellowstone

National Park, AMD acid mine

drainage)
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which contain sequences from geographically widespread

acidic environments, with the exception of cluster one

with sequences from an Italian cave (Macalady et al.

2007). The prominence of a few locations among the

known sources of these sequences reflects to some extent

the intensity of work at sites such as Yellowstone National

Park, Iron Mountain in the USA (Druschel et al. 2004)

and the Rio Tinto in Spain, where water, sediment and

rhizospheres adjacent to the river have been sampled

(Garrido et al. 2008; Mirete et al. 2007). Sequence CD74

which was found in the Milos geothermal soil sample was

also the prevalent bacterial sequence amplified from the

58�C pyrite enrichment culture which was established

with the soil sample (Table 1). An organism with this

rRNA gene sequence was subsequently isolated from the

enrichment culture. It was shown to grow on sulfur (see

later) and is referred to as ‘‘Acidithiomicrobium’’ strain

P1 (cluster 5, Fig. 1). ‘‘Acidithiomicrobium’’ strain P2 is

another bacterium with a 16S rRNA gene sequence related

to that of Acidimicrobium ferrooxidans and particularly

to that of ‘‘Acidithiomicrobium’’ strain P1 (Fig. 1). This

strain P2 was isolated from a pyrite enrichment culture

which was established with samples from several sites,

which included natural geothermal environments and

mineral sulfide and coal mines (Cleaver et al. 2007). An

rRNA gene sequence closely related to those of the

‘‘Acidithiomicrobium’’ strains was recovered from volca-

nic soil in the USA (GenBank EU419131: cluster 5,

Fig. 1) and samples from geothermal sites in Iceland,

Montserrat and New Zealand harboured bacteria resem-

bling the ‘‘Acidithiomicrobium’’ strains (A. Cleaver and

P. Norris, unpublished data).

The optimum growth temperatures of the ‘‘Acidithio-

microbium’’ strains are about 50�C. The mol% G?C con-

tents of their DNA are 55% (strain P1) and 51% (strain P2),

in the same range as those of Ferrimicrobium acidiphilum

(cluster 2, Fig. 1; 55 mol% GC) and Ferrithrix thermo-

tolerans (cluster 3, Fig. 1; 50 mol% GC), respectively. The

68 mol% G?C content of Am. ferrooxidans, therefore,

appears exceptional among these acidophiles and is 17%

higher than that of ‘‘Acidithiomicrobium’’ strain P2, one of

its closest relatives with which it shares 96% 16S rRNA

gene sequence identity.

Other cloned bacterial rRNA gene sequences from the

Milos geothermal site (Table 1) were CD33, which was

related to the acidophilic, thermotolerant, methane-oxi-

dizing bacteria (Dunfield et al. 2007; Islam et al. 2008);

CD29 from the thermotolerant, sulfur-oxidizing proteo-

bacterium Acidithiobacillus caldus; CD66 from an uncul-

tured Acidithiobacillus species; and CD49 from an

uncultured species related to those of the Sulfobacillus

genus (ferrous iron- and sulfur-oxidizing, acidophilic

Firmicutes).

The Milos geothermal soil was also the source of several

cloned rRNA sequences representing thermophilic acido-

philes of the Euryarchaeota and Crenarchaeota (Table 1).

One of these organisms, an Acidianus species, was repre-

sented in the pyrite enrichment culture from which

‘‘Acidithiomicrobium’’ strain P1 was isolated (Table 1).

Microscopy indicated similar numbers of Acidianus-like

and ‘‘Acidithiomicrobium’’-like organisms in the enrich-

ment culture at 58�C.

Autotrophy

‘‘Acidithiomicrobium’’ strains P1 and P2 were observed to

grow in pure culture in the absence of any organic sup-

plements. Acidimicrobium ferrooxidans has previously

been observed to grow autotrophically with ferrous iron as

substrate but this growth was limited (Clark and Norris

1996) and its growth autotrophically with pyrite as sub-

strate was extremely poor (Davis-Belmar and Norris 2009).

In contrast, strong autotrophic growth of the ‘‘Acidithio-

microbium’’ strains occurred with ferrous iron or pyrite as

substrate (Davis-Belmar and Norris 2009).

The similarity of the amino acid sequence of the

RuBisCO large subunit of Acidimicrobium ferrooxidans to

that of the proteobacterium Acidithiobacillus ferrooxidans

was noted when RuBisCO-dependent CO2 fixation by the

former was observed (Clark 1995). Form I RuBisCOs with

eight large (CbbL) and eight small (CbbS) subunits have

been labelled green or red types with reference to their

presence in chlorophytes or red algae (Delwiche and

Palmer 1996). Both types, and two major sub-groups of

each (groups A and B and groups C and D), were noted in

prokaryotes (Watson and Tabita 1997). A fifth group has

been proposed (Park et al. 2009) to include CbbLs of

the phototroph Oscillochloris trichoides (Tourova et al.

2006), the acidophilic Firmicute Sulfobacillus acidophilus

(Caldwell et al. 2007) and a Mycobacterium species (Park

et al. 2009). Two different form IA enzymes in many

autotrophic proteobacteria, including Acidithiobacillus

ferrooxidans, have been referred to as IAc and IAq types

(Badger and Bek 2008), depending on whether carboxy-

some genes or cbbQ genes are immediately downstream of

cbbL and cbbS. The cbbQ gene product is thought to be

involved in post-translational regulation of RuBisCO.

Carboxysomes compartmentalize RuBisCO and have car-

bonic anhydrase activity to promote efficient CO2 fixation

(Cannon et al. 2002). The RuBisCO genes in Am. ferro-

oxidans are adjacent to carboxysome-encoding genes

(GenBank accession CP001631). Immediately downstream

of these are several ORFs encoding proteins that are most

closely related to those of At. ferrooxidans. This region of

16–17 kbp DNA could have been acquired from At. fer-

rooxidans or its ancestor. CbbL proteins with highest
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identities to the proteins of Am. ferrooxidans and At. fer-

rooxidans are also found in ‘‘Acidithiomicrobium’’ strains

P2 (Fig. 2) and P1 (not shown). It is so far unknown why

the autotrophic capacity of Am. ferrooxidans appears much

less than that of the other two species. In contrast to At.

ferrooxidans and Am. ferrooxidans, ‘‘Acidithiomicrobium’’

strain P2 has also cbbL/cbbS genes which could encode a

form ID red-type enzyme (Fig. 2).

Growth on sulfur

The proteobacterium Acidithiobacillus caldus (Norris et al.

1986; Hallberg and Lindström 1994) is generally consid-

ered to be the most active acidophilic, thermotolerant,

sulfur-oxidizing bacterium in mineral leaching environ-

ments. The extent of sulfur oxidation by ‘‘Acidithiomicr-

obium’’ strain P2 was similar to that by At. caldus (Fig. 3),

with acidity increased to pH 1.4 at the end of exponential

phases of growth in batch cultures. Biomass which might

be attached to sulfur was not measured, but growth of strain

P2 cells in terms of planktonic cells appeared at least as

extensive as that of At. caldus. Growth of ‘‘Acidithio-

microbium’’ strain P1 on sulfur was highly similar to that

of strain P2 at both 47 and 52�C (data not shown). This

capacity for sulfur oxidation was unknown when strain P2

(then referred to as ‘‘Acidimicrobium sp. 2’’) was not

available in pure culture and was recognized only by

fluorescent in situ hybridization with a specific rRNA gene

probe (Cleaver et al. 2007). Sulfur oxidation could have

contributed to its competitive advantage over the mineral

Fig. 2 Distance tree of RuBisCO form I large subunit partial

sequences (459 aligned amino acids) and a form II RuBisCO large

subunit (the out-group). The scale bar indicates 0.1 substitutions per

site. Bootstrap values from 100 replicates are shown
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sulfide-oxidizing Am. ferrooxidans and Sulfobacillus ther-

mosulfidooxidans in a mixed culture that extracted nickel

from a mineral sulfide at 47�C in bioreactors (Cleaver et al.

2007). Strong autotrophic growth of S. thermosulfidooxi-

dans or Am. ferrooxidans on sulfur has not been observed

and Am. ferrooxidans causes only slight acidification of the

medium when grown heterotrophically on yeast extract in

the presence of sulfur (Clark and Norris 1996).

‘‘Acidithiomicrobium’’ in mineral sulfide ore leaching

A potential role for ‘‘Acidithiomicrobium’’-like bacteria in

ore leaching was assessed with laboratory columns con-

taining ores from the Talvivaara mine in Finland and the

Escondida mine in Chile. Leaching of a constructed ore

heap (0.8 km 9 2.4 km, 8 m height) began at Talvivaara in

2008. There are ore reserves for 40 years and planned

annual production of over 100,000 tonnes of a mixture of

nickel, zinc, copper and cobalt (M. Riekkola-Vanhanen,

personal communication). Leaching of low grade sulfide

ore reserves of about 1,500 million tonnes began at

Escondida in 2006 with current annual production of about

200,000 tonnes of copper from ore heaps with a surface

area of about 5 km2. Ore leaching columns were inoculated

at 47�C with the mixed culture that was the source of

‘‘Acidithiomicrobium’’ strain P2 (Cleaver et al. 2007). DNA

was extracted from a Talvivaara ore column after 130 days,

when 17% of the nickel and 14% of the zinc had been

leached. DNA was extracted from three Escondida ore

columns after 70 days operation when 56% of the copper

had been leached (2003a, Table 2), after 90 days when 36%

of the copper had been leached (2003b, Table 2) and after

74 days when 62% of the copper had been leached (2006,

Table 2). This discussion focuses on the microorganisms

present in the ore columns with the influence of the ore

fragment size and other operational parameters on the metal

extraction to be described elsewhere.

‘‘Acidithiomicrobium’’ strain P2 sequences dominated

small clone banks of 16S rRNA genes derived from DNA

extracted from all four columns (Table 2). A 16S rRNA

gene sequence identical to that of ‘‘Acidithiomicrobium’’

strain P2 was recovered from a mineral sulfide-processing

mixed culture that shared source material with the

enrichment culture used in this work (see Cleaver et al.

2007) and was previously deposited in GenBank (uncul-

tured bacterium strain JTC04, accession no. AY805539;

Table 2). These small clone banks were intended to indi-

cate the major organisms in the ore columns, rather than

reflect the full diversity of the microbial populations.

Acidithiobacillus caldus was prominent in the enrichment

culture inocula for the ore columns and its 16S rRNA gene

sequence was amplified by PCR from the DNA extracted

from Escondida ore columns with At. caldus-specific

primers, although it was not recorded in these column

clone banks. Dot blots of RNA extracted directly from the

ore samples confirmed its presence at a relatively very low

cell number compared to the actinobacteria (data not

shown). These dot blots carried out with RNA from the

Table 2 16S rRNA gene clone banks derived from DNA extracted from ore columns (47�C) inoculated with a moderately thermophilic pyrite

enrichment culture

Clonea Escondida ore Talvivaara ore Top BLAST search results GenBank no. % identity

2003a 2003b 2006 2008

Bacterial sequencesb

LCB1 85 98 100 50 Uncultured bacterium clone JTC04

‘‘Acidithiomicrobium’’ strain P2

AY805539

GQ225721

100

100

LCB37 13 2 0 31 Acidimicrobium ferrooxidans CP001631 100

CFB46 0 0 0 18 Acidithiobacillus caldus NR_026517 99.9

LCB4 2 0 0 1 Sulfobacillus thermosulfidooxidans GU180244 99.7

Archaeal sequencesc

CD1 –d – 88 50 Uncultured archaeon clone ant g4

Uncultured archaeon clone ASL1

DQ303254

AF544224

98.2

98.1

CD16 – – 11 50 Ferroplasma cupricumulans AY907888 99.9

CD2 – – 1 0 Uncultured archaeon clone ASL1 AF544224 96.2

Numbers are % of total clones in each clone bank. ‘‘Acidithiomicrobium’’ strain P2 was isolated from the enrichment culture that was the source

of the ore column inocula
a The code for the first clone identified is shown where clones with identical sequences were found in different ore columns
b Bacterial clone banks comprised 48 (2003a), 48 (2003b), 62 (2006) and 90 (2008) clones
c Archaeal clone banks comprised 63 (2006) and 34 (2008) clones
d No attempt was made to clone archaeal sequences
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Escondida ore columns operated in 2003 also indicated

approximately equal amounts of ‘‘Acidithiomicrobium’’

strain P2 and Acidimicrobium ferrooxidans in the leached

ore samples, although the clone bank analysis suggested

dominance of strain P2.

Two archaeal 16S rRNA gene sequences were prevalent

in the clone banks derived from DNA extracted from the

ore columns (Table 2). One of these (CD1) represented an

uncultured strain predicted by phylogenetic analysis to be

related to ferrous iron-oxidizing, acidophilic euryarchaea

(data not shown). The closest related sequences were pre-

viously cloned from samples of acid mine drainage in the

USA (clone ASL1: Baker and Banfield 2003) and Spain

(clone ant g4: Garcı́a-Moyano et al. 2007). The second

sequence (CD16) was highly similar to that of moderately

thermophilic strains of ferrous iron-oxidizing euryarchaea.

This sequence was also recovered from a commercial

bioreactor processing a gold-bearing mineral sulfide from

the Fairview mine in South Africa (noted in Burton and

Norris 2000). It was also attributed to Ferroplasma cupri-

cumulans (now Acidiplasma cupricumulans), which was

abundant in an ore biomining operation in Myanmar

(Hawkes et al. 2006), and to Acidiplasma aeolicum, which

was isolated from the island of Vulcano, Italy (Golyshina

et al. 2009). It seems likely that some release of organic

carbon following CO2 fixation by ‘‘Acidithiomicrobium’’

strain P2 in the ore columns could have supported the

growth of these lithotrophic euryarchaea, in which auto-

trophy has not been proven (Dopson et al. 2004).

Successful application of these novel actinobacteria

remains to be proven in commercial ore heap leaching. The

benefits of thermophile activity in ore heaps would be the

more efficient extraction of metals that can occur at ele-

vated temperatures (Petersen and Dixon 2002) and con-

tinued bioleaching in heap zones where the exothermic

oxidation of minerals inevitably increases the temperature,

as in the Talvivaara ore heap (M. Riekkola-Vanhanen,

personal communication). The mechanisms by which the

mineral sulfide-oxidizing actinobacteria oxidize ferrous

iron and sulfur and expression of the different forms of

RuBisCO in ‘‘Acidithiomicrobium’’ under different condi-

tions remain to be established.
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(2009) Ilumatobacter fluminis gen. nov., sp. nov., a novel

actinobacterium isolated from an estuary sediment. J Gen Appl

Microbiol 55:201–205

Mirete S, de Figueras CG, Gonzales-Pastor JE (2007) Novel nickel

resistance genes from the rhizosphere metagenome of plants

adapted to acid mine drainage. Appl Environ Microbiol

73:6001–6011

Norris PR, Marsh RM, Lindström EB (1986) Growth of mesophilic

and thermophilic acidophilic bacteria on sulphur and tetrathio-

nate. Biotechnol Appl Biochem 8:318–329

Norris PR, Clark DA, Owen JP, Waterhouse S (1996) Characteristics

of Sulfobacillus acidophilus sp. nov. and other moderately

thermophilic mineral-sulphide-oxidizing bacteria. Microbiology

142:775–783

Park SW, Hwang EH, Jang HS, Lee JH, Kang BS, Oh JI et al (2009)

Presence of duplicate genes encoding a phylogenetically new

subgroup of form I ribulose 1,5-bisphosphate carboxylase/

oxygenase in Mycobacterium sp. strain JC1 DSM 3803. Res

Microbiol 160:159–165

Petersen J, Dixon DG (2002) Thermophilic heap leaching of a

chalcopyrite concentrate. Miner Eng 15:777–785

Rudi K, Zimonja M, Naes T (2006) Alignment-independent bilinear

multivariate modelling (AIBIMM) for global analyses of 16S

rRNA gene phylogeny. Int J Syst Evol Microbiol 56:1565–1575

Stackebrandt E, Rainey FA, Ward-Rainey NL (1997) Proposal for a

new hierarchic classification system, Actinobacteria classis nov.

Int J Syst Bacteriol 47:479–491

Tourova TP, Spiridonova EM, Slobodova NV, Boulygina ES, Keppen

OI, Kuznetsov BB, Ivanovsky RN (2006) Phylogeny of anoxy-

genic filamentous phototrophic bacteria of the family Oscillo-
chloridaceae as inferred from comparative analyses of the rrs,

cbbL, and nifH genes. Microbiology (Trans. Mikrobiologiya)

75:192–200

Watson GMF, Tabita FR (1997) Microbial ribulose 1,5-bisphosphate

carboxylase/oxygenase: a molecule for phylogenetic and enzy-

mological investigation. FEMS Microbiol Lett 146:13–22

Extremophiles (2011) 15:155–163 163

123


	Autotrophic, sulfur-oxidizing actinobacteria in acidic environments
	Abstract
	Introduction
	Methods
	Strain isolation and growth
	Ore leaching columns
	DNA analyses
	Nucleotide sequence accession numbers

	Results and discussion
	Source, isolation and phylogeny of novel strains
	Autotrophy
	Growth on sulfur
	‘‘Acidithiomicrobium’’ in mineral sulfide ore leaching

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


